INTRODUCTION
The Wnt genes encode a large family of secreted proteins that play key roles in developmental processes and in oncogenesis. Wnt signalling regulates cell proliferation and differentiation and embryonic development in species as divergent as nematodes, flies, frogs and humans, and molecular mechanisms of Wnt signalling have been elucidated in considerable detail [1] [2] [3] . Wnt-family ligands bind to receptor molecules of the Frizzled (Fz) family [4] to initiate a signal-transduction cascade that sequentially involves the cytosolic protein Dishevelled and the serine\threonine kinase glycogen synthase kinase (GSK)-3β [5] [6] [7] and leads to stabilization of cytosolic β-catenin. This protein then translocates to the cell nucleus as part of a complex with high-mobility-group (HMG)-box transcription factors of the Tcf (T-cell factor)\LEF (lymphoid enhancer factor) sub-family and provides a transactivation domain to regulate gene expression. Stabilization of β-catenin thus activates expression of Wntresponsive genes [8, 9] . Modulators of this biochemical pathway include Axin\Fused, the GSK-3-binding protein GBP, and the product of the adenomatous polyposis coli (APC) gene.
At least 16 distinct Wnt genes have been identified to date in vertebrates, and are presumed to signal through interactions with receptors of the frizzled gene family. The Frizzled proteins constitute a large family of serpentine receptors with at least eight members in mammals and 11 in zebra fish [10, 11] . All Frizzled proteins share the following structural features : a signal sequence at the N-terminus, a conserved region of 120 amino acids in the extracellular domain containing a motif of 10 invariantly spaced cysteine residues (the cysteine-rich domain or Abbreviations used : E, embryonic day ; Tcf, T-cell factor. 1 To whom correspondence should be addressed, at the Dana-Farber Cancer Institute (e-mail ramesh-shivdasani!dfci.harvard.edu). The nucleotide sequence data reported will appear in the GenBank Nucleotide Sequence Database under the accession numbers AF206321 and AF206322 for Mfz10 and Mfz10a, respectively. embryonic development, in the brain, heart, lung and digestive tract. In adult mice Mfz10 mRNA is detected at highest levels in the heart, brain and lung. Expression in the adult gastrointestinal tract is much weaker, with higher levels in foregut derivatives (oesophagus and stomach) compared with regions derived from the fetal midgut and hindgut ; particularly strong mRNA expression is observed in the squamous epithelium of the oesophagus. The amino acid sequence of Mfz10 is nearly identical to that of human FzE2 (also known as FzD2). Interestingly, mRNA levels of human FzD2 are reported to be up-regulated in oesophageal squamous cell carcinomas. These findings suggest a likely role for Mfz10 in the developing and adult foregut.
Key words : FzD2, Mfz10, oesophageal epithelium, Wnt receptor. CRD), a seven-pass transmembrane region and a cytoplasmic tail [10, 12, 13] . With few exceptions, most mammalian Frizzled family members are expressed in a variety of tissues, with overlapping patterns. Although it is likely that each member fulfils some specific functions, the extent of the repertoire of the Wnt and Frizzled families in vertebrates raises important questions pertaining to specificity and function. The degree of promiscuity or specificity in binding between Wnt and Frizzled proteins remains unclear, as does the extent of cross-talk among signals originating from individual Wnt-Frizzled interactions in the same cell or tissue. Fully characterizing the repertoire of these families is necessary to achieve a complete understanding of the role of the Wnt pathway in development, cell differentiation and cancer.
At least two independent lines of evidence point to an important function for components of the Wnt signalling pathway in aspects of gut epithelial cell homoeostasis. First, inactivating mutations in the APC gene are virtually a prerequisite for development of human colorectal carcinoma [14] and possibly other gastrointestinal malignancies [15] [16] [17] [18] [19] . Second, targeted disruption of the mouse gene encoding the major Tcf-family protein expressed in the gut, Tcf-4, results in isolated failure of normal gut epithelial stem-cell differentiation [20] . Although the Wnt signalling pathway thus provides a strong link between development and oncogenesis in the gut, the roles of individual components of the pathway and their functional requirements in gut epithelial homoeostasis remain to be clarified. Here we report isolation of a frizzled gene from the developing mouse gut and examine its distribution of tissue expression with particular attention to regions of the fetal and adult gastrointestinal tract. 
EXPERIMENTAL

Cloning of mouse frizzled genes
Total RNA from the fore-and midguts of mouse fetuses from embryonic day (E) 14.5 was reverse-transcribed and amplified by PCR using degenerate oligonucleotide primers corresponding to conserved frizzled sequences : 5h-TAYCCNGARCGNCCNAT-YATYTT-3h (which encodes YPERPIIF) and 5h-CCANGTNA-GNGTNAGDATNACCCACCA-3h (encodes WWVILSLTW). The PCR conditions were 94 mC for 1 min, 48 mC for 1 min and Novel mouse frizzled gene 
Figure 2 Northern analysis of Mfz10 on poly(A) + RNA isolated from (A) regions of the adult mouse gut and (B) various adult mouse tissues
To confirm equivalent RNA loading, the same blots were hybridized separately to control probes, β-actin or GAPDH. Transcript sizes are indicated on the left. 
Northern-blot hybridization
Total RNA was isolated from mouse embryonic tissues using Trizol reagent (Gibco-BRL, Rockville, MD, U.S.A.) and poly(A) + RNA from various regions of the adult mouse gut using Oligotex columns (Qiagen, Valencia, CA, U.S.A.), resolved on a 1 % formaldehyde\agarose gel, and transferred to Duralon-UV membranes (Stratagene, La Jolla, CA, U.S.A.). Alternatively, a commercial multiple-tissue Northern blot (Clontech, Palo Alto, CA, U.S.A.) was used to survey adult mouse tissues. A 1.2-kb cDNA probe from the 3h end of Mfz10 was radiolabelled with [α-$#P]dCTP using the random hexamer method (Amersham). Hybridization was carried out overnight at 68 mC in Church buffer (1 M sodium phosphate buffer, pH 7.0\0.25 M EDTA\ 7 % SDS\1 % BSA). Membranes were washed in a final solution of 0.1iSSC\0.1 % SDS (where 1iSSC is 0.15 M NaCl\0.015 M sodium citrate) and exposed for autoradiography.
In situ hybridization
Paraffin sections (5 µm) of mouse tissues were deparaffinized, fixed in 4 % paraformaldehyde, and treated with proteinase K (Roche Molecular Biochemicals, Indianapolis, IN, U.S.A.).
Figure 3 Splice variant of Mfz10
(A) Nucleotide sequence of the 3h-untranslated region of Mfz10a. Nucleotides are numbered according to the scheme established in Figure 1 After washing in 0.5iSSC, the sections were covered with hybridization solution, prehybridized for 1-3 h at 55 mC, and hybridized overnight with sense or antisense $$P-labelled riboprobe transcribed from the mouse cDNA. After hybridization, sections were washed at high stringency, dehydrated, dipped in photographic emulsion NTB $ (nuclear track emulsion 3 ; Eastman Kodak Co., Rochester, NY, U.S.A.), stored at 4 mC for 14 days, developed, and counterstained with haematoxylin and eosin.
RESULTS AND DISCUSSION
Identification of a Frizzled family member expressed in the developing mouse gut
To characterize determinants of Wnt signalling in the developing gut, we used a degenerate PCR strategy to identify members of the frizzled gene family expressed in the mouse intestine at E14. All 19 PCR products sequenced encoded Frizzled proteins, attesting to the specificity of the PCR strategy ; eleven of these encoded a fragment corresponding to a novel family member. We used this novel PCR product to probe 10& transformants from an embryonic gut cDNA plasmid library [21] and recovered five clones that permitted assembly of full-length cDNAs. Following the convention of serialized nomenclature, we designate this product Mfz10 ( Figure 1A) . The predicted sequence contains a putative signal peptide, a cysteine-rich extracellular domain (CRD) with 10 invariant cysteine residues, seven C-terminal hydrophobic regions consistent with transmembrane segments, and a 25-amino acid cytoplasmic tail. The sum of these features defines the frizzled gene family [10, 12, 13] . Mfz10 encodes a protein of 571 amino acids that is most similar to Mfz1 and Mfz7, with 75 and 77 % overall identities, respectively ( Figure  1B) , and which shares less similarity with other mouse Frizzled proteins. The amino acid sequence is nearly identical to that of human FzE2 (also known as FzD2), which suggests that Mfz10 may be the murine homologue of this gene [22, 23] . Interestingly, mRNA levels of human FzD2 are up-regulated in oesophageal Novel mouse frizzled gene
Figure 4 Northern analysis of Mfz10 on total RNA harvested from isolated organs at the indicated stages of mouse fetal development
At E18.5 the gut was further subdivided into the stomach (St) and small (SI) and large (LI) intestines. To confirm equivalent RNA loading, the same blots were hybridized separately to control probes, β-actin or GAPDH.
squamous cell carcinomas compared with adjacent normal oesophageal tissue [24] .
Expression analysis of Mfz10
Using a 1.2-kb cDNA fragment from the 3h end of Mfz10 for Northern analysis on adult mouse tissues, we detected principally two transcripts of 2.2 and $ 4.4 kb, with higher levels in heart, brain and lung than in skeletal muscle, kidney or testis ( Figure  2B ). Only a single message, slightly larger than 4.4 kb, is present in the liver at low levels, transcripts of slightly different size are noted in skeletal muscle, and Mfz10 is barely expressed in the spleen. Despite isolation of Mfz10 from fetal mouse gut, with a relative mRNA abundance of 5 in 10& transcripts, only weak expression is detected in the adult gastrointestinal tract ( Figure  2A) , with modestly higher levels in foregut derivatives (oesophagus and stomach) compared with the intestine. Interestingly, this gradient of mRNA expression along the rostro-caudal axis of the adult mouse gut is opposite to that of mTcf-4, whose mRNA levels increase steadily from the duodenum to the distal colon [25] .
The 2.2-kb Mfz10 transcript corresponds to four of the five cDNA isolates. The fifth clone represents a variant transcript (designated Mfz10a) with an identical coding sequence but an additional 1550 bp in the 3h-untranslated region ( Figure 3A) . A cDNA probe derived from this unique 3h-untranslated region hybridizes only with the 4.4-kb transcript in adult mouse tissues ( Figure 3B ). Thus the two Mfz10 mRNA species correspond to alternative isoforms that encode the same protein. These variants may serve in differential regulation of message stability, a possibility that is consistent with their differential tissue expression.
Expression of Mfz10 mRNA is higher during development than in adult tissues, as judged by the intensity of signals from the Northern blots. Mfz10 mRNA is present in the brain, heart, lung and whole gut at E12.5 (Figure 4 ), E14.5 (results not shown) and E15.5 (Figure 4 ), but there is weak or no expression in the fetal liver. Together with the virtual absence of Mfz10 mRNA in the adult spleen (Figure 2 ), this result indicates that Mfz10 probably plays no significant role in haematopoiesis. At E18.5 Mfz10 is expressed at highest levels in the heart and lung, and at a lower level in the brain (Figure 4 ), but remains undetectable in the liver. There is strong expression in the stomach, a foregut derivative, with weaker expression in the small and large intestines, which are derived from the primitive midgut and hindgut, respectively.
Using mRNA in situ hybridization in developing mouse fetuses at E13.5 and E14.5, we detected diffuse expression throughout the brain, heart, lung and gut, without discrete tissue localization (results not shown). Strong expression of Mfz10 mRNA is evident throughout the squamous epithelium of the adult oesophagus, with much weaker expression in submucosal tissue ; strong expression is also detected in para-oesophageal (paravertebral) skeletal muscle ( Figure 5 ). Consistent with the results of Northern analysis, Mfz10 mRNA expression is also detected, albeit at lower levels, in the mucosa of the stomach but not in that of the small or large intestines (results not shown). There is weak expression in sub-epithelial smooth muscle throughout the gastrointestinal tract.
Thus there are several notable aspects of Mfz10 mRNA expression in general and in the gut in particular. First, overall expression is considerably stronger during development than in adults. This suggests that Mfz10 probably functions primarily in responding to developmental signals. Second, there are two RNA isoforms that encode the same protein and which are expressed in roughly equal proportions in most sites. Third, in the gastrointestinal tract there is stronger expression in the foregut than in the midgut or hindgut, during both fetal and adult life, although selected foregut derivatives such as the liver do not express Mfz10. Expression is substantially higher in the developing than in the adult gut, which probably reflects stagespecific functions. Tanaka et al. [24] recently reported frequent up-regulation of human FzD2 in oesophageal squamous cell carcinomas relative to adjacent normal tissue. This raises the possibility that Mfz10\human FzD2 is an oncofetal protein whose aberrant expression in epithelial cells contributes to the pathogenesis of oesophageal cancer. Alternatively, the Mfz10\ hFzD2 gene may aberrantly be re-activated as part of a programme of gene mis-expression during malignant transformation.
